The ocean is an important source of nitrous oxide (N 2 O) to the atmosphere, yet the factors controlling N 2 O production and consumption in oceanic environments are still not understood nor constrained. We measured N 2 O concentrations and isotopomer ratios, as well as O 2 , nutrient and biogenic N 2 concentrations, and the isotopic compositions of nitrate and nitrite at several coastal stations during two cruises off the Peru coast (~5-16°S, 75-81°W) in December 2012 and January 2013. N 2 O concentrations varied from below equilibrium values in the oxygen deficient zone (ODZ) to up to 190 nmol L À1 in surface waters. We used a 3-D-reaction-advection-diffusion model to evaluate the rates and modes of N 2 O production in oxic waters and rates of N 2 O consumption versus production by denitrification in the ODZ. Intramolecular site preference in N 2 O isotopomer was relatively low in surface waters (generally À3 to 14‰) and together with modeling results, confirmed the dominance of nitrifier-denitrification or incomplete denitrifier-denitrification, corresponding to an efflux of up to 0.6 Tg N yr À1 off the Peru coast. Other evidence, e.g., the absence of a relationship between ΔN 2 O and apparent O 2 utilization and significant relationships between nitrate, a substrate during denitrification, and N 2 O isotopes, suggest that N 2 O production by incomplete denitrification or nitrifier-denitrification decoupled from aerobic organic matter remineralization are likely pathways for extreme N 2 O accumulation in newly upwelled surface waters. We observed imbalances between N 2 O production and consumption in the ODZ, with the modeled proportion of N 2 O consumption relative to production generally increasing with biogenic N 2 . However, N 2 O production appeared to occur even where there was high N loss at the shallowest stations.
Introduction
N 2 O is an atmospheric trace gas, mainly produced by microbial processes, that directly and indirectly affects climate. As a tropospheric greenhouse gas, it is~300 times more potent than CO 2 on a per molecule basis [Forster et al., 2007] . With a long atmospheric residence time (>100 years), N 2 O produced at the planet's surface reaches the stratosphere where it acts as the main source of ozone-depleting nitric-oxide radicals [Nevison and Holland, 1997; Ravishankara et al., 2009] . Microbial processes associated with nitrogen cycling are the dominant natural sources of N 2 O, with those in the open ocean accounting for up to~35% of global emissions [Forster et al., 2007; Freing et al., 2012; Ciais et al., 2013] . Still, major uncertainties exist in the distribution and magnitude of marine N 2 O production, as important source regions, such as coastal areas, remain poorly characterized [Nevison et al., 1995 [Nevison et al., , 2004 . N 2 O is produced in oxic ocean waters as a by-product of nitrifying microbes through decomposition of hydroxylamine, an intermediate during ammonium (NH 4 + ) oxidation to nitrite (NO 2 À ) as well as by either ammonia oxidizing Archaea or Bacteria is generally low, varying from 0 to 2% of NO 3 À production [Yoshida et al., 1989; Frame and Casciotti, 2010; Santoro et al., 2010 Santoro et al., , 2011 Löscher et al., 2012] but has been argued to be enhanced under low-O 2 À conditions from both culture and field observations (up to 10% at low O 2 [Goreau et al., 1980; Ji et al., 2015] ). However, other studies have not found such an enhancement [Frame and Casciotti, 2010] .
Under anoxic conditions, N 2 O may be both produced and consumed during denitrification, the sequential reduction of NO 3 À , NO 2 À , NO, to N 2 O. N 2 O in turn is reduced to nonbioavailable N 2 ( Figure 1 ). The intermediate NO appears to remain mostly intracellular while NO 2 À and N 2 O are able to exchange with external pools in the water column. Consequently, in the secondary NO 2 À maximum in oxygen deficient zone (ODZ), N 2 O is generally near or below atmospheric equilibrium concentrations as a consequence of net removal [Bange et al., 2001; Yamagishi et al., 2007; Babbin et al., 2015; Kock et al., 2016] . Note that the biochemical pathway from NO 2 À to N 2 O used by denitrifiers in anoxic waters is very similar to the nitrifier-denitrifier pathway in oxic waters.
The highest oceanic concentrations of N 2 O and fluxes to the atmosphere have been reported from shallow suboxic waters overlying ODZs of the Indian Ocean, Eastern Tropical North Pacific (ETNP), and Eastern Tropical South Pacific (ETSP) [Naqvi et al., 2000; Arévalo-Martínez et al., 2015; Babbin et al., 2015] . For instance, Arévalo-Martínez et al. [2015] observed the highest N 2 O accumulations, up to 1 μmol L À1 , in surface waters off Peru. These high N 2 O accumulations appear to form with changes from anoxic (O 2 = 0 μmol L
À1
) to suboxic (O 2 < 5 umol L À1 ) conditions as denitrifying waters are upwelled. A decoupling between N 2 O production and its reduction to N 2 by denitrification, the latter process being less oxygen tolerant [Dalsgaard et al., 2014] , has been considered responsible for elevated N 2 O concentrations near the oxycline Ji et al., 2015; Kock et al., 2016] .
Stable isotopes are widely used as natural tracers of N-cycle processes in the ocean integrating over their characteristic time and space scales [e.g., Altabet, 2006; Sigman et al., 2005; Bourbonnais et al., 2009 Bourbonnais et al., , 2015 . Furthermore, natural stable isotope approaches do not suffer from the recognized problems of conventional inhibitor and tracer rate studies including incomplete diffusion of added tracers or inhibitors, alteration of microbial activity due to tracer substrate addition, or other unconstrained bottle effects [Ostrom and Ostrom, 2011] . Barford et al. [1999] a See Figure 1 for complete reactions. b The exact mechanism, isotope effects and SP for N 2 O production by Archaea are still not well constrained.
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Nonzero SP arises from the differential biochemical bond making and breaking experienced by each of the two N atoms as a consequence of their different molecular positions (Figure 1 The isotope effect (ε) is defined here by
where k 1 and k 2 are the reaction rates for the lighter and heavier isotopes, respectively.
N and O isotope effects for ( 15 ε, 18 ε) during N 2 O production and consumption vary substantially in laboratory culture as well as in the environment, likely as a result of sensitivity to growth conditions and reaction rates [Lewicka-Szczebak et al., 2015] and perhaps unconstrained variations in substrate isotopic composition (Table 1) . Of course, such variability can complicate the interpretation of field data.
In contrast to bulk isotope values, N 2 O SP is independent of the initial isotopic composition of the substrate [Toyoda et al., 2002; Schmidt et al., 2004] . Thus, SP is only process-dependent and can be used as a robust tracer to identify the source of N 2 O. For instance, low SP isotopic signatures (À11 to 0‰) are associated with N 2 O production via NO 2 À reduction by nitrifier-denitrification or denitrification. Much higher SP values are indicative of N 2 O production by hydroxylamine oxidation (30-36‰) [Sutka et al., 2006; Frame and Casciotti, 2010] . However, SP does increase as a result of isotope fractionation during consumption by denitrification as discussed above [Yamagishi et al., , 2007 Ostrom et al., 2007] .
The main goal of this study is to identify the primary sources and sinks for N 2 O in coastal waters of the ETSP using a natural stable isotope approach. In particular, we seek to understand the processes leading to nearsurface, high N 2 O concentrations that could contribute to high fluxes to the atmosphere. We present N 2 O concentrations; isotope and isotopomer data for N 2 O, NO 3 À , and NO 2 À , and other complementary physical and chemical parameters at two high-resolution coastal transects sampled off the coast of Peru in December 2012 (transect A) and January 2013 (transect B, Figure 2) . We also used a 3-D-reaction-advection-diffusion regional box model to diagnose physical mixing and biological N 2 O fluxes from the field data and evaluate the contribution from different N 2 O production processes in oxic and low-O 2 waters and N 2 O consumption versus production in the ODZ.
Materials and Methods
Sample Collection and Hydrographic Data
Samples were collected during two research cruises aboard the R/V Meteor on 2 to 23 December 2012 (M91) and 5 to 31 January 2013 (M92) (Figure 2) Charoenpong et al., 2014] . Tygon tubing was attached to the Niskin bottle, and a 165 mL serum glass bottle was filled and overflowed with seawater at least 2 times before capping with a butyl stopper and crimp sealed with aluminum seal. This procedure was executed underwater in a plastic container to avoid air bubbles. After collection, 0.2 mL of a saturated HgCl 2 solution was injected to prevent biological activity.
Samples for N 2 /Ar were collected similarly in 60 mL serum glass bottles and preserved with 100 μL HgCl 2 [Charoenpong et al., 2014] . Duplicate N 2 /Ar samples were collected at every other depth.
Samples for N and O isotopic composition of NO 3
À were collected in 125 mL plastic bottles and acidified for preservation (1 mL of 2.5 mM sulfamic acid in 25% HCl), which also served to remove NO 2 À at the time of sample collection [Granger and Sigman, 2009] . For NO 2 À isotopic analysis, samples were collected and preserved with NaOH (2.25 mL of 6 M NaOH in 125 mL, pH = 12.5) to prevent oxygen isotope exchange with water during storage . Samples were stored at room temperature before analysis. Briefly, seawater is pumped from sample bottles through a gas-extractor that is continuously sparged with He. Dissolved N 2 O was completely extracted into the He continuous flow and concentrated and purified in a purgetrap system. CO 2 is chemically removed, and H 2 O vapor is eliminated with both chemical and cryogenic traps. N 2 O is cryofocused with two liquid N 2 traps and passed through a capillary gas chromatography (GC) column prior to IRMS analysis. These latter steps are nearly identical to those used by McIlvin and Casciotti [2010] including GC column backflushing to eliminate interferences in the SP determination. For standardization, aliquots of gas standards are injected upstream of the gas-extractor to "experience" all extraction and purification steps.
We calibrated our measurements and corrected for scrambling between the α and β positions (Table 2) [see Mohn et al., 2014] . These standards were analyzed in duplicate for each run to quantify the scrambling effect and potential offsets, and we iteratively solved for the different calibration parameters as described in Frame and Casciotti [2010] and Mohn et al. [2014] . Correction for isobaric interference from 17 O is included in these procedures. We have optimized water and He flows to achieve quantitative extraction and reproducibility of results even at low N 2 O concentration (down to~5 nmol L
À1
). Instrumental drift was determined from measurements of the 5°C seawater standard distributed throughout an analytical run.
Standard deviations for triplicate measurements of our N 2 O standards were typically below 0.1‰ for δ Kock et al. [2016] by using gas chromatography and an electron capture detector.
Biogenic N 2
N 2 /Ar and δ 15 N-N 2 measurements were made on septum-sealed samples by using an online gas extraction system coupled to a CF-MC-IRMS as described in Charoenpong et al. [2014] . Bourbonnais et al. [2015] . This corrects for nonregional biological N loss as well as physically produced deviations in equilibrium N 2 /Ar [Hamme and Emerson, 2002] .
N and O Isotopic Composition of NO 3
À and NO 2
À
The stable isotopic compositions (δ 15 N and δ
18
O) of NO 3 À and NO 2 À were analyzed by using the "bacteria method" [Sigman et al., 2001; Casciotti et al., 2002] and the "azide method" [McIlvin and Altabet, 2005] . For NO 3 À isotopic analysis, samples were neutralized and NO 3 À was quantitatively converted to N 2 O by cultured denitrifying bacteria that lack the active N 2 O-reductase enzyme (Pseudomonas chlororaphis, ATCC #13985) [Casciotti et al., 2002] . Blank contribution was generally below 5% of the target sample size. For NO 2 À isotopic analysis, NO 2 À was converted to nitrous oxide (N 2 O) by using sodium azide in acetic acid. The reagent was modified by increasing the acetic acid concentration to 7.84 M to account for high sample pH. N 2 O gas was automatically extracted, purified, and analyzed online by using a purge-trap preparation system coupled to an IsoPrime CF-IRMS. Standard sample size was 20 nmol N 2 O for NO 3 À isotope analysis and 15 nmol N 2 O for NO 2 À isotope analysis. N and O isotope ratios are reported in per mil (‰), relative to AIR-N 2 for δ 15 N and to VSMOW for δ 18 O as in equation (1).
NO 3 À and NO 2 À isotope data were calibrated by using the reference materials listed in Table 2 [see . The reproducibility was generally better than 0.2‰ for δ 15 N and 0.5‰ for
Regional Box Model Description
We diagnosed the biological fluxes and ratios of N 2 O production and consumption processes from the observational data. We accounted for the fluid flow field and physical mixing of N 2 O and its isotopomers within Global Biogeochemical Cycles
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regional box models spanning the spatiotemporal scales of our cruise collected data (see Figure S1 in the supporting information). The physical mixing was estimated by using physical circulation output from an eddy-resolving ROMS (Regional Ocean Modeling System [Shchepetkin and McWilliams, 2005] ) simulation. The ROMS model has been used to represent the regional mesoscale circulation in the Peru region with a model configuration similar to that in Penven et al. [2005] : it has a 1/9°× 1/9°spatial resolution (~12 km) and 32 vertical levels with a refined vertical resolution near the surface. For more details on the model configuration, the reader is referred to Penven et al. [2005] . This model has been validated against observations in previous works [e.g., Echevin et al., 2011; Montes et al., 2011; Pietri et al., 2014] . Temperature and potential density simulated from the ROMS and observed during both the M91 and M92 cruises agreed well ( Figure S2 ). Silva et al., 1994] , and a restoring of sea surface temperature to advanced very high resolution radiometer optimum interpolation sea surface temperature daily data following Barnier et al. [1995] , were used at the ocean-atmosphere model interface.
A 70-box model was constructed to encompass the 56 stations sampled for N 2 O and its isotopomers during the M91 cruise in December 2012. The 70-box model has dimensions 7 (lat) × 2 (lon) × 5 (depth), spanning 5-16°S, oriented at an angle of~À45°from north, which aligns the boxes with the Peru coastline ( Figure S3 ). The longitudinal line separating the inshore (overlying the shelf) boxes from the offshore boxes follows the 300 m isobath. The top of depth level 1 (see Figure S3 ) begins below the surface mixed layer at 10 m depth as to ignore sea-air gas exchange of N 2 O with the atmosphere. -N 2 O were interpolated onto the box model grid and averaged when multiple observations were included in a given model box. Physical mixing of N 2 O and its isotopomers by horizontal advection, vertical advection (upwelling), and vertical diffusion between model boxes were considered by using output from a regional ROMS simulation for the months of December 2012 and January 2013. Three-day averaged output of the u, v, and w velocities (m/s) as well as the log-transformed vertical diffusivity coefficient (k z ; m 2 /s) were time averaged to obtain the monthly averaged circulation properties. The 1/9°resolution ROMS output, which lies on a terrain-following (sigma) vertical grid, was interpolated onto the box model grid and averaged for a given model box. Advective velocities and vertical diffusivity were combined with [N 2 O] and its isotopomer gradients to compute the physical mixing of tracers between model boxes as
with an equation analogous to equation (5) Global Biogeochemical Cycles
The following equations describing the biological fluxes of N 2 O and its isotopomers were used in shallow oxic Figure S1 ).
The following equations were used for ODZ waters ([O 2 ] < 5 μmol L -1 ):
where ∂[N 2 O] PD /∂t and ∂[N 2 O] CD /∂t are the fluxes from N 2 O production and consumption by denitrification, ε D is the isotope effect for SP during denitrification consumption, and SP PD is the SP for denitrification production (Table 1 and Figure S1 ).
The box model assumes steady state, such that the sum of all fluxes into/out of (mixing) or within a box (biological) equal zero. Indicative of intense coastal upwelling, the mixed layer was always relatively shallow, i.e.,~5 m depth for transect A (Figure 3a) , and less than 50 m depth at the deepest stations for transect B (Figure 4a ). The
), marking the upper ODZ boundary, became shallower from north to south along transect A varying from~200 m at 6°S to~20 to 50 m south of 10°S (Figures 3a and 4a) . Along the outer shelf and slope, primary water masses were Antarctic Intermediate Water (AAIW; S ≈ 34.5, T = 5.5°C) below 500 m and Equatorial Subsurface Water (ESSW; 34.7 < S < 34.9, 8.5°C < T < 10.5°C) below the thermocline, with the latter corresponding to the low O 2 core of the southward flowing Peru-Chile Undercurrent (PUC) [Strub et al., 1998 ]. Peru Coastal Waters (PCW; S ≈ 35.0, T < 19°C; referred to as Cold Coastal Waters in Pietri et al. [2014] ) were found next to the coast and mainly resulted from mixing between colder and slightly fresher upwelled waters from the PUC with Subtropical Surface Water (STSW; S > 35, 20°C < T < 28°C) [Strub et al., 1998 ] ( Figure 5 ).
From north to south along transect A, subsurface waters reached the critically low levels of O 2 required for the onset of N-loss processes (Figure 3 ). Biogenic N 2 correspondingly increased as NO 3 À was consumed in the ODZ, with a maximum of~20 μmol L À1 at 35 m depth at station 63 (Figure 3c ). Relatively high biogenic N 2 concentrations were also observed in near-surface shelf waters south of 5°S, consistent with upwelling of ODZ waters impacted by N loss (Figures 3a, 3c and 4a, 4c ).
This increase in biogenic N 2 also corresponded to NO 2 À accumulations of up to 11 μmol L À1 in the coastal ODZ (50 m depth, station 64, transect A; Figure 3b ). However, both NO 2 À and NO 3 À were almost completely consumed (<0.5 μmol L
À1
) at the shallowest stations (station 63, transect A and station 9, transect B; Figures 3b and 4b) , which evidently had the highest extent of N loss. 
, and (h) SP. In Figure 3a , the depths of the different stations at a given latitude are indicated by red bars. Note that only one station was sampled for N 2 O isotope and isotopomer analysis at a given latitude. CTD numbers are indicated at the top of Figure 3a . Bottom depth was~300 m at the deepest station 10.
Global Biogeochemical Cycles
10.1002/2016GB005567
À7 nmol L À1 at station 63) as a consequence of net consumption by denitrification. South of 5°S, the region of low ΔN 2 O expanded vertically along with the ODZ and was correlated with N loss (transect A; Figures 3c and 3d ).
Some aspects of our observed coastal distribution of N 2 O have also been found in offshore ODZ studies. North of 5°N in the ETSP a N 2 O maximum of~60 nmol L À1 was found in the oxygen minimum but further south a sharp double peak structure formed at the top and bottom of the ODZ with depletion within the core [Cohen and Gordon, 1978; Law and Owens, 1990; Kock et al., 2016] . However, the shapes for the ΔN 2 O in our near-coastal profiles were more variable and not as well defined as compared to offshore with significantly higher ΔN 2 O above the oxycline. (Figures 3 and 4) .
3-D Reaction-Advection-Diffusion Box Modeling
The results from our regional box models showed high N 2 O production rates of up to 49 nmol L À1 d À1 (transect B, Figures 8a and 8e) in oxic waters. These rates were generally higher than those measured by Ji et al.
[2015] from 15 N-labeled incubations in offshore and coastal oxygenated waters in the ETSP (<1 nmol L À1 d À1 ). N 2 O production mainly occurred through nitrifier-denitrification (or incomplete denitrifier-denitrification as discussed below), which generally represented more than 50% of total N 2 O production for transects A and B (Figures 8b and 8f and Tables S1 and S3 in the supporting information). N 2 O production rates and the contribution from nitrifier (or incomplete denitrifier)-denitrification were also relatively high where the highest N 2 O concentrations were observed (Figure 8 ).
In comparison, Frame et al. [2014] estimated that 64 to 68% of the N 2 O production in the isotopic minimum of the upwelling zone off the southern African Coast was from nitrifier-denitrification using a simple model neglecting lateral and vertical advection/diffusion. Using a lower SP of À11‰ (as in Frame et al. [2014] ) in our model decreased the contribution from nitrifier-denitrification (Tables S1 and S3 ). In addition, considering only vertical advection/diffusion generally decreased N 2 O production rates with no clear effect on the partitioning between nitrifier-denitrification versus hydroxylamine oxidation (Tables S2 and S4) . A major difference between both study areas is that in contrast to the upwelling zone off the African Coast, the coastal waters off Peru overlay an ODZ, and therefore, in addition to nitrifier-denitrification, N 2 O production is also likely to occur through incomplete denitrifier-denitrification.
N 2 O production rates in the ODZ derived from our box model were up to 13.5 nmol L À1 d À1 when assuming an SP of À0.5‰ for N 2 O production by denitrifier-denitrification [Sutka et al., 2006] and an isotope effect of either 5 or 16‰ [Ostrom et al., 2007; Yamagishi et al., 2007] for SP during N 2 O consumption by denitrification (Tables S1 and S3 ). Our N 2 O production rates were in the same order of magnitude as those estimated from 15 N-labeled incubations in the ETSP (up to~4 nmol L À1 d À1 [Ji et al., 2015] ) and from a 1-D model neglecting lateral advection in the ETNP ODZs (2 to 35 nmol L À1 d À1 ). Measured N 2 O consumption rates from tracer incubations by Babbin et al. [2015] in the ETNP ODZ balanced production and also agreed well with our modeled rates (up to~40 nmol L À1 d
À1
; Figures 8c and 8g) .
N 2 O consumption relative to production ranged from 12 to 96% for transect A and 0 to 100% for transect B (Figures 8d and 8h) . Assuming a lower isotope effect of 5‰ for SP during N 2 O consumption 
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Discussion
Extreme ΔN 2 O in Upwelling Waters Resulting From Incomplete Denitrification
Throughout most of the ocean, subsurface waters isolated from the atmosphere slowly accumulate N 2 O as a by-product of nitrification with progressive organic matter remineralization and O 2 depletion. The subsurface intermediate waters entering the Peru coastal region in the form of the PUC have already experienced substantial organic matter remineralization since their formation in the Subantarctic and thus enter our study region already low in O 2 [Strub et al., 1998 ] and elevated in N 2 O. Hence, nitrification during the course of water mass aging both outside as well as within the study region, via either the hydroxylamine oxidation or nitrifier-denitrification [Frame and Casciotti, 2010] pathway is a likely source for positive ΔN 2 O concentrations (up to~180 nmol L
À1
). This is particularly so for northern part of transect A which corresponds with the path of the southward flowing PUC. N 2 O further accumulates in this portion of transect A where N 2 O production is active, but no N 2 O consumption occurs, in the absence of denitrification. An exception to this Kock et al., 2016] . N 2 O may also accumulate disproportionately in our study region where O 2 is low given the possibility of increasing yield of N 2 O production from nitrification under low oxygen concentrations [Goreau et al., 1980; Ji et al., 2015] .
As N 2 O-SP is only pathway-dependent [e.g., Sutka et al., 2006] , it can be used as a robust indicator of source pathway in the absence of consumption by denitrification. Production by nitrifier-denitrification (as well as denitrification) is associated with low SP values of À11 to 0‰, whereas hydroxylamine oxidation produces higher N 2 O-SP values of 30-36‰ [Sutka et al., 2006; Frame and Casciotti, 2010] (Table 1) . These laboratory results are mainly for bacterial ammonia oxidizers, whereas archaeal ammonia oxidizers, which are thought to be the dominant nitrifiers in the ocean [Santoro et al., 2011; Löscher et al., 2012] , have been shown in culture to produce N 2 O with a high SP of 26-29‰, consistent with a hydroxylamine pathway. However, it was suggested that Archaea could also produce N 2 O through NO 2 À reduction with lower SP in the environment [Santoro et al., 2011] . ) is found near surface at a number of stations (Figures 3  and 4) . Though representing a minority of our samples, these patches of high N 2 O are likely the most (Figures 8a-8d) and B (Figures 8e-8h ). Individual data points represent the average value for each model box (see Figures S3 and S4 ). See Tables S1 to S3 for sensitivity of results to assuming different SP values and isotope effects.
Global Biogeochemical Cycles
10.1002/2016GB005567 important regional sources of N 2 O to the atmosphere and their apparent isolation suggests N 2 O production processes unique to them. These high N 2 O accumulations likely resulted from a decoupling between N 2 O production and consumption by denitrifiers as upwelling ODZ waters are partially re-oxygenated. The largest N 2 O accumulations were all observed in the PCW water mass ( Figure 5 ) [Kock et al., 2016] associated with coastal upwelling. Such uncoupling of N 2 O production and consumption as a consequence of varying O 2 has been attributed to incomplete denitrifier (or stop and go)-denitrification [Naqvi et al., 2000; Codispoti et al., 2001] . The threshold O 2 concentrations for N 2 O production and consumption by denitrification are still not well known but appear to be higher for production. O 2 limits have been reported as high as 25 μmol L
À1
for NO 3 À reduction [Kalvelage et al., 2011] and 10 μmol L À1 for N 2 O reduction to N 2 gas [Zamora et al., 2012] .
, which is well below the detection limit of our Seabird O 2 sensor (~3 to 5 μmol L À1 ).
Previously, highest N 2 O accumulations have been observed in the coastal upwelling regions off major coastal ODZs, for instance in the Arabian Sea [Naqvi et al., 2010] and in the ETSP off Peru and Chile [Arévalo-Martínez et al., 2015; Farías et al., 2015; Kock et al., 2016] , consistent with incomplete denitrifier-denitrification in nearsurface waters as a likely important process in these regions. In addition to producing O 2 transients, coastal upwelling is also associated with high inputs of organic matter and cryptic H 2 S cycling [see Canfield et al., 2010] , which are substrates during heterotrophic and autotrophic denitrification and can thus also contribute to ΔN 2 O accumulation [e.g., Babbin et al., 2014; Dalsgaard et al., 2014] . Overall, organic matter export and denitrification are particularly enhanced in high productivity shelf regions of ODZ's [e.g., Kalvelage et al., 2013; Babbin et al., 2014] .
Given low SP values, the only alternative to incomplete denitrifier-denitrification for these high N 2 O accumulations would be nitrifier-denitrification. If we assume that nitrifier-denitrification is coupled to aerobic organic matter remineralization, a relationship between AOU and ΔN 2 O should be observed as reported for offshore waters off Peru [Ryabenko et al., 2012; Kock et al., 2016] and other marine ODZs [Cohen and Gordon, 1978; De Wilde and Helder, 1997; Upstill-Goddard et al., 1999] . Such a relationship was not observed in coastal waters off Peru [Kock et al., 2016;  this study]. Instead, the extreme ΔN 2 O observed in shelf surface waters were generally associated with the strongest deviations from the ΔN 2 O/AOU ratio observed offshore and highest N loss, suggesting that N 2 O accumulation likely occurred after re-oxygenation of waters upwelled from the ODZ [Kock et al., 2016] .
15
N-labeled incubation experiments by Ji et al. [2015] also showed that denitrifier-denitrification was the major N 2 O production pathway responsible for at least 50% of total N 2 O production just above the ODZ in the ETSP. However, nitrifier-denitrification could be decoupled from aerobic organic matter remineralization if it is fueled by NO 2 À produced from NO 3 À reduction in the ODZ.
While it is not possible to distinguish between N 2 O production by nitrifier-denitrification coupled to aerobic remineralization or denitrifier-denitrification from their isotopomer signatures alone because of their similar low SP ( (Figures 7a and 7b ).
N 2 O Consumption and Production by Denitrification in the ODZ
As illustrated in Figures O-N 2 O were, however, generally greater than the value of 1:2.2 expected for pure N 2 O consumption at both transects [Ostrom et al., 2007] (Figures 6a  and 6b ). Deviation from a slope of 1:2.2 (0.455) for pure N 2 O consumption was also observed by Frame et al. [2014] for water impacted by denitrification in the South Atlantic and was attributed to mixing and longrange horizontal transport. ) of the ETNP [Yamagishi et al., 2007] and the Black Sea [Westley et al., 2006] and attributed to shifts from N 2 O consumption to net production. N 2 O production by denitrification (like the nitrifier-denitrifier pathway) is associated with a low SP of~0‰ [Sutka et al., 2006] and is thus expected to add almost equally low δ relatively unchanged over time despite a fast N 2 O turnover. In more dynamic coastal ODZ's such as in this study, we observed heterogeneous imbalance between production and consumption from our box model, which is expected as N turnover is generally faster [Hu et al., 2016] and N 2 O concentrations in the water column are more spatially and temporally variable [Kock et al., 2016;  Our data also supported gross N 2 O production even at the highest extent of N loss. Low SPs were observed where NO 3 À and NO 2 À were almost completely consumed and biogenic N 2 was the highest in the ODZ at the shallowest stations 63 (transect A) and 9 (transect B) (Figure 6 ). At these stations, both δ 15 N α -N 2 O and δ 15 N β -N 2 O were elevated and closer to the isotopic composition of the substrates (NO 3 À and NO 2 À ) when present.
ΔN 2 O was also slightly above 0, i.e., equilibrium, at station 63, transect A (8 nmol L À1 ) and station 9, transect B (up to 11.5 nmol L
À1
). As SP is not affected by the initial isotopic composition of the substrate nor fractionated during N 2 O production [Sutka et al., 2006] , the observed low SPs, along with N 2 O concentrations above equilibrium, suggest N 2 O production in the ODZ at these shallow stations, in accordance with our model (Figure 8h ). Organic matter, a substrate for denitrification (and hence N 2 O production), decreases exponentially with depth below the euphotic zone [Martin et al., 1987] , potentially explaining the higher relative N 2 O production (versus consumption) at these shallow stations.
For completeness, abiotic N 2 O production by iron reduction of NO 2 À needs to be considered as a source of N 2 O in the ODZ. Reduced iron as well as NO 2 À is present in the ODZ, making this reaction possible although there is currently no evidence for significant reaction rates. High SPs (30-36‰ [e.g., Toyoda et al., 2005; Heil et al., 2014] ) are typically associated with abiotic N 2 O production by various pathways involving the nitrification intermediates hydroxylamine or NO 2 À in combination with iron compounds or other transition metals.
However, accounting for abiotic N 2 O production in our box models suggested that this process did not significantly contribute to our observations, with the SP signature of N 2 O production from metal reduction failing to predict the observed SP in most boxes for the computed mixing rates. Global Biogeochemical Cycles
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We consistently observed low SPs in surface waters above the oxycline, mostly ranging from À3 to 14‰. Our model diagnosed biological fluxes suggested that nitrifier-denitrification or incomplete denitrifierdenitrification generally represented more than 50% of total N 2 O production. While N 2 O production by nitrifier-denitrification and denitrifier-denitrification have similar SP, making it impossible to distinguish between these two processes, several lines of evidence suggested that incomplete denitrifier-denitrification as waters are upwelled from the ODZ and re-oxygenated or nitrifier-denitrification fueled by NO 2 À from NO 3 À reduction in the ODZ are likely pathways for N 2 O production in surface waters. Main indications were as follows: (1) the highest N 2 O accumulations were observed in the PCW water mass, which is associated with upwelling; (2) there was no relationship between ΔN 2 O and AOU as expected for N 2 O production by nitrification coupled to aerobic organic matter remineralization; and (3) we observed significant relationships between δ 15 N bulk -N 2 O and δ
15
N and δ 18 O of NO 3 À , a substrate for N 2 O production during denitrification, above the oxycline. We estimated an efflux of up to 0.6 Tg N yr À1 from nitrifier or incomplete denitrifierdenitrification, which is comparable to the estimate by Arévalo-Martínez et al. [2015] .
We further used 3-D-reaction-advection-diffusion regional box models to investigate the rates and modes of N 2 O production in surface waters and the rates of production and consumption in the ODZ. We estimated that a maximum of 13 Tg N yr À1 could be removed in the coastal ODZ off Peru, which was about 23 times Overall, our results show a strong spatial heterogeneity in the mechanisms controlling N 2 O production and consumption in shallow waters off Peru, which should be better taken into account in global oceanic N 2 O models.
